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Temperature influences the biology and ecology
of all organisms, as it determines the rate of bio-
chemical and physiological reactions. Extremely
high and low temperatures are lethal and, therefore,
influence the geographic limits of the distributions
of species (Pörtner 2002). Within these temperature
limits, however, most physiological functions, such
as metabolism, locomotion and growth, perform
optimally at specific temperatures (Angilletta 2009).
The relationship between temperature and physio-
logical functioning varies among and within species
due to differences in body size, life-history traits
and/or genotype-specific patterns of gene expres-
sion. For example, among 13 species of lizards,
maximum sprinting speed varied when they were
exposed to the same temperature, due to morpho-
logical and physiological differences (Bauwens et
al. 1995). In addition, temperature is highly variable
over temporal and spatial scales, meaning that
physiological functions must often occur under con-
ditions that are suboptimal for performance. To
cope with this variability, organisms can adapt
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ABSTRACT: Thermal performance curves describe the relationship between temperature and the
rate of biological processes. These relationships can vary among species and environments, allow-
ing organisms to acclimatize to their local thermal regime. This study quantified the seasonal vari-
ation in the thermal performance of several coral and symbiont-dominated physiological traits for
the thermally tolerant coral species Porites cylindrica and the thermally sensitive coral species
Acropora valenciennesi. Photosynthesis rates, respiration rates, maximum photosystem II (PSII)
quantum yield and electron transport rates were measured in winter and summer on coral frag-
ments exposed to an acute temperature increase and decrease up to 5°C above and below the
average seawater temperature in each season. Results showed that colonies of A. valenciennesi
acclimated primarily by shifting their optimal temperature to a higher temperature in summer,
whereas colonies of P. cylindrica had broader thermal breadth during summer. For symbionts
within both species, performance was higher at all temperatures in summer, while the thermal
optima and performance breadth remained unchanged. Despite these changes in thermal per-
formance, the thermal optima of most traits did not match the ambient environmental tempera-
ture, but fell between the summer and winter temperatures. Overall, these results showed that
both coral species were physiologically plastic in response to temperature change, but that there
are constraints on the rate or capacity for acclimation that prevent a perfect match between the
average temperature of the environment and the thermal optimum of the species.
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and/or acclimate through altering their physiology
and/or morphology to optimize performance in the
new environment (Pörtner 2002).
Thermal sensitivity, defined as the degree to which
an organism’s performance depends on its tempera-
ture (Angilletta 2009), can be understood by measur-
ing the rates of various physiological functions over a
temperature gradient, usually in the form of a ther-
mal performance curve (TPC) (Huey & Stevenson
1979). Typically, TPCs capture the rate of increase of
performance as temperature begins to increase, the
maximum performance (Pfmax) which occurs at the
optimal temperature (Topt), and the decline in per-
formance at temperatures above the optimum. The
breadth of the curve (Tbr) encompasses the tempera-
ture range at which performance is positive. The
height and breadth of the TPC (as determined by
Pfmax and Tbr) and the position of the TPC along a
temperature gradient (as determined by Topt) varies
between species from different thermal environ-
ments. For example, when comparing the jumping
performance of frog populations (Limnodynastes per-
onii) from different latitudes, Topt increased with
increasing environmental temperature because pop-
ulations from cooler climates performed better at
cooler temperatures and vice versa (Wilson 2001).
Similarly, Tagliarolo & McQuaid (2015) showed that
physiological adaptations determined the distribu-
tion of mussels, with the eastern lineage of Perna
perna better adapted to warm temperatures and
Mytilus galloprovincialis better adapted to cool tem-
peratures. The capacity to change the shape and
position of the TPC depends on the phenotypic plas-
ticity of the organism, defined as the ability of a
genotype to express different phenotypes of a trait
when exposed to changes in environmental condi-
tions (Whitman & Agrawal 2009). Phenotypic plasti-
city is influenced by the variability and predictability
of the thermal environment, and the time required to
adjust to the new environment (Gabriel 2005). There-
fore, Topt is likely to be a compromise between the
past, current and future environments. Moreover, if
the time required for acclimation to a new environ-
ment exceeds the time spent in the new environment
(e.g. an organism requires more time to adjust its per-
formance to correspond to winter temperatures than
the actual duration of winter), Topt will be closer to
the future temperature (e.g. summer temperature). In
addition, Tbr is likely to vary depending on the pre-
dictability of the environmental fluctuations such
that if environmental stochasticity increases, Tbr
should also increase (Gabriel 2005). While these con-
cepts can explain why certain species show a mis-
match between the environmental temperature and
their Topt, few empirical studies tested these predic-
tions directly.
Coral reef ecosystems are particularly vulnerable
to rising sea surface temperatures associated with cli-
mate change (Pörtner et al. 2014). Reef-building
corals live within a relatively narrow temperature
range close to their upper thermal threshold (Jokiel &
Coles 1990, Berkelmans & Willis 1999). Heat stress is
linked to coral bleaching (Brown 1997), a process
that disrupts the relationship between the coral host
and its algal symbiont (Symbiodinium spp.) and can
lead to coral mortality. However, the response to heat
stress differs among coral species (e.g. Loya et al.
2001), and some have been found to enhance heat
tolerance via physiological acclimation (Coles &
Brown 2003, Oliver & Palumbi 2011), genetic adapta-
tion of the coral host (Howells et al. 2016) and sym-
bionts (Csaszar et al. 2010, Howells et al. 2012), as
well as changes in Symbiodinium (Berkelmans & Van
Oppen 2006, Silverstein et al. 2015). However,
increased heat tolerance of coral−algal symbioses
can result in cold intolerance (Howells et al. 2013).
This means that physiological acclimation to summer
warming needs to be reversed during winter in order
to maintain the fitness of coral colonies and popula-
tions. Depending on the duration and temperature
range experienced during different seasons, adopt-
ing the ‘wrong’ thermal strategy will have conse-
quences for the productivity and survival of coral
reefs. Hence, understanding plasticity of coral ther-
mal performance provides insight as to whether or
how corals can adapt and acclimatize to global
warming (Logan et al. 2014).
On coral reefs, temperatures naturally vary over
seasonal and diurnal cycles. At present, however, it is
unknown whether corals cope with these tempera-
ture fluctuations via high thermal plasticity by vary-
ing Topt to correspond to the summer and winter tem-
perature, or via broad thermal tolerance that includes
all temperatures encountered throughout the year.
The use of TPCs to assess variability in thermal toler-
ance is slowly gaining in popularity in coral science.
For instance, TPCs assessing the thermal variability
among locations demonstrated geographic variation
in Topt among coral populations for several metabolic
processes, such as photosynthesis, respiration (Aichel -
man et al. 2019, Jurriaans & Hoogenboom 2019)
and calcification (Sawall et al. 2015), although this
effect was not observed among certain temperate
coral populations (Rodolfo-Metalpa et al. 2014). In
addition, over the course of a year, the photosynthe-
sis, respiration and calcification rates of 4 Caribbean
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reef corals were higher in summer than in winter, but
Topt was consistent between seasons, demonstrating
that the TPC of these corals only shifted vertically
between seasons (Scheufen et al. 2017b). In contrast,
certain Indo-Pacific coral species increased the upper
thermal threshold in summer (Berkelmans & Willis
1999), demonstrating that the thermal sensitivity of
corals can change between seasons, al though this
does not reveal whether it is the shape or position of
the TPC, or a combination of both, that varies
between seasons.
In addition to variability in temperature, the light
environment also fluctuates among seasons. Pho-
toacclimation to light can be regulated by the holo-
biont through uptake or expulsion of symbionts, and
by the symbiont by controlling the photochemistry of
photosystem II (PSII). For instance, the minimum sat-
urating irradiance (Ek) in corals was 2-fold higher in
spring when the overall irradiance was higher com-
pared to summer (Nitschke et al. 2018). Moreover,
light availability can influence the productivity of
corals, but also their response to thermal stress (Robi-
son & Warner 2006, Ulstrup et al. 2008). For instance,
in summer, higher irradiance levels and warmer
waters lead to decreased chlorophyll and symbiont
concentrations (Winters et al. 2009), and reduced
maximum photochemical yield of PSII (Warner et al.
2002, Ulstrup et al. 2008). Therefore, when compar-
ing coral TPC between seasons, the seasonal vari-
ability of the light environment needs to be consid-
ered.
This study aimed to quantify the coral TPC in sum-
mer and winter to determine how corals use thermal
plasticity to cope with seasonal differences in tem-
perature. We assessed whether the shape (thermal
breadth and maximum performance) and the posi-
tion (optimal temperature) changed between sea-
sons, and whether coral performance was optimal in
each season. In addition, we assessed whether plasti-
city in the shape and position of the TPC was species-
specific by comparing a thermally tolerant coral spe-
cies with a thermally sensitive one. We hypothesized
that the thermally tolerant species would have a
higher upper thermal threshold than the thermally
sensitive species due to a wider thermal breadth. As
thermal sensitivity is variable within a species, we
additionally compared performance curves between
colonies for within-population (i.e. among genotype)
variation. Finally, to investigate whether variation in
the thermal performance was due to plasticity of the
coral or the symbiont, we measured performance
traits dominated by the coral and symbiont physiol-
ogy specifically.
2.  MATERIALS AND METHODS
2.1.  Experimental design
The physiological performance of 2 stony coral
species was assessed over a range of temperatures in
both summer and winter to determine whether their
TPCs were fixed or plastic, and whether plasticity of
the TPC could benefit corals by matching their opti-
mal temperature for performance to the seasonal
average temperature. Winter thermal performance
was measured during the last week of August and
first week of September 2015 (austral winter). Sum-
mer thermal performance was measured during the
last 2 wk of January 2016 (austral summer). Frag-
ments of Acropora valenciennesi and Porites cylin-
drica were collected from a consistent depth at sev-
eral sites around the Palm Islands, central Great
Barrier Reef, in April 2015. The species were chosen
for their abundance throughout the Great Barrier
Reef, but also for their contrasting thermal sensitivity,
with A. valenciennesi being more bleaching-suscep-
tible than P. cylindrica (Loya et al. 2001, Visram &
Douglas 2007). Previous studies show that A. valenci-
ennesi commonly harbours Cladocopium C3 (for-
merly, Clade C sub-clade C3) and P. cylindrica har-
bours Cladocopium C15 (formerly, Clade C sub-clade
C15) (LaJeunesse et al. 2003, Madin et al. 2016,
LaJeunesse et al. 2018). Between these 2 Clado-
copium species, C3 is more sensitive to heating than
C15 (Fisher et al. 2012). Therefore, differences in the
shape and position of the performance curves
between species and seasons were expected. A total
of 80 fragments of each species, each ~8 cm diame-
ter, 5 per colony, were collected at depths between 4
and 6 m depending on the tide. Care was taken to
select fragments with comparable light exposure by
selecting branches that were positioned upright, situ-
ated at the upper edge of the colonies. Fragments
were transported to Orpheus Island Research Sta-
tion, Palm Islands, Great Barrier Reef, attached to
nylon string in upright position allowing each frag-
ment to receive equal amounts of light, labelled by
source colony identity, and placed in a large (1500 l)
outdoor aquarium (‘raceway’). Due to unexpected
high mortality in mid-September, caused by several
days of abnormally low tempe ratures (<20°C in the
raceway, see Fig. 1), 40 additional fragments of A.
valenciennesi were collected in November 2015 and
20 additional fragments of P. cylindrica in December
2015. For the summer  thermal experiment, we used
the newly collected fragments to ensure similar ther-
mal histories among individuals.
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2.2.  Raceway conditions
The raceway was supplied with seawater pumped
from the reef slope in front of the station with a
flowthrough rate of approximately 250 l h−1. Shading
was provided using a mesh shade cloth to acquire
light levels similar to the in situ reef environment at
the collection depth. Water temperature and light
 levels in the raceway varied naturally according to the
local environmental conditions on the reef (see Fig. 1;
Fig. S1 in the Supplement at www. int-res. com/
articles/ suppl/ m635p055 _ supp. pdf). Temperature was
recorded with a HOBO data logger (Onset Computer
Corporation) set to a 1 h interval. Irradiance levels in
the raceway were measured every hour from dawn to
dusk on 2 random days each month using a LI-193
spherical underwater quantum sensor (LI-COR). Daily
irradiance light levels averaged 284 µmol m−2 s−1 in
summer and 133 µmol m−2 s−1 in winter (Table S1 in
the Supplement). During the summer months, starting
in December 2015, 2 chiller/heater units (TK-2000,
TECO) were placed next to the raceway to prevent
water temperature from increasing above 31°C (±
0.5°C) which could occur at the research station as
seawater was pumped across the shallow reef flat and
held temporarily in large storage tanks. During these
months, the water flowthrough rate was also increased
to 500 l h−1 to help maintain a consistent water tem-
perature. It was assumed that the seawater supplied
adequate nutrition for the coral fragments, but every
2 wk, additional Artemia nauplii was given as a sup-
plementary food source. Every month, the raceway
and fragments were cleaned to minimize algal prolif-
eration. Temperature in the raceway was compared
with the ambient temperature on the reef slope at 5.8
m depth (Orpheus Island Relay Pole 1) measured by
temperature loggers of the Australian Institute of
Marine Science (AIMS 2017).
2.3.  Experimental conditions
To quantify seasonal variation in thermal perform-
ance, 25 fragments of each species, 5 fragments from
each of 5 colonies, were selected from the raceway
and distributed between 2 additional tanks (50 l each)
placed directly adjacent to the raceway. This design
enabled manipulation of water temperature for ther-
mal performance measurements without any change
in the light environment to which the corals were
 naturally acclimated. The same water was supplied to
the smaller tanks and the raceway, except that the
flowrate in the 50 l tanks was lowered to 36 l h−1 to fa-
cilitate experimental temperature manipulation. The
corals were maintained at ambient temperature in the
50 l tanks for 1 wk of acclimation before starting with
the measurements. Temperature in each tank was
recorded using HOBO data loggers. After measuring
the response variables (see Section 2.4) at ambient
temperature, 1 fragment of each colony was frozen at
−80°C (n = 5 per species) for later tissue analyses.
Subsequently, the water temperature in one 50 l tank
was progressively increased while the water temper-
ature in the other 50 l tank was progressively de-
creased (Fig. S2 in the Supplement) using a chiller/
heater unit (TK-2000) connected to a pump (Aquapro
AP1050, Aquatec) that circulated the water through
the temperature control unit at a rate of 500 l h−1.
Every morning, the water temperature was increased
or decreased by 0.5°C over the course of 10 d, until the
50 l tanks reached either 5°C above or below ambient
temperature. At every 1°C increment, 5 physiological
response variables (see Section 2.4) were measured.
At the end of the thermal experiment, fragments were
frozen at −80°C and transported, frozen on dry ice, to
laboratory facilities at James Cook University for
 tissue analyses.
2.4.  Response variables
Although the coral holobiont is a symbiosis
between the coral host and the symbiont, the thermal
response of the symbiont might differ from that of the
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Fig. 1. Mean daily temperature variation measured at the
sampling site on the reef flat at 5.8 m depth and in the race-
way. Dashed lines: temperature at the start of the winter
(late August 2015, 24°C) and summer (January 2016, 29°C)
thermal experiments. Seawater temperature data recorded
by in situ data loggers of the Australian Institute of Marine 
Science (AIMS 2017)
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holobiont (colony). Therefore, net photosynthesis
rates and respiration rates (predominantly a coral
host response) were measured using oxygen respiro -
metry to provide information about the plasticity of
the TPC of the holobiont, and maximum PSII quan-
tum yield and electron transport rate (predominantly
a symbiont response) were measured to provide
information about the plasticity of the TPC of the
symbiont. In addition, the light saturation parameter
(Ek) was calculated to capture possible photoacclima-
tion between summer and winter.
2.4.1.  Holobiont response variables
For each coral fragment, rates of net photosynthesis
(Pnet) and respiration (R) were measured in transparent
experimental cells (6 cells, ~550 ml) for 1 h. Five cells
were filled with filtered seawater (15 µm) in which a
coral fragment was suspended and 1 cell contained
only seawater to control for background re spiration.
The cells were placed in a water bath connected to a
chiller/heater unit (TK-2000) to control the water tem-
perature inside the cells (corresponding to the treat-
ment temperature of that day). During 1 h, the dis-
solved oxygen concentration inside each cell was
measured using oxygen probes (LDO101, Hach) con-
nected to a meter device (HQ40D, Hach) at 1 min in-
tervals. The cells were placed on a submersible mag-
netic stirrer plate (MIXdrive 6, 2mag) and a magnetic
stirrer bar inside each cell ensured continued mixing
of the water. Pnet rates were measured at a light inten-
sity of 350 µmol photons m−2 s−1 provided by 2 wide
beam lamps (Oracle) with 150 W metal halide light.
This irradiance level is within the range experienced
by the fragments in the raceway and in situ on the reef
flat (Fig. S1). R rates were measured in the dark di-
rectly after the photosynthesis measurements. At the
end of the respirometry measurements, corals were re-
turned to their experimental tanks (50 l tanks, see Sec-
tion 2.3). Pnet and R rates of each coral were corrected
by subtracting the differential oxygen concentration of
the empty control cell and multiplying by the net water
volume of the cell, which was measured for each cell
after every respirometry measurement and accounted
for the displacement volume of the coral fragment,
oxygen probe and magnetic stirrer.
2.4.2.  Symbiont response variables
At the end of the dark respiration measurement, the
maximum quantum yield (Fv/Fm) of PSII of each frag-
ment was measured using a pulse-amplitude modu-
lated (PAM) fluorometer (DIVING-PAM, Walz). Fv/Fm
describes the proportion of light energy used for
 photochemistry by the (dark-adapted) symbionts. On
dark-adapted fragments, chlorophyll fluorescence
was measured using a fiberoptic probe kept at a fixed
distance (3 mm) from the coral surface by a flexible
piece of tubing placed around the probe tip. First, the
minimal fluorescence (F0) was measured by applying
a weak light pulse (<1 mol photon m−2 s−1) that did not
induce photosynthesis and determined the proportion
of open reaction centres of PSII. Subsequently, the
maximum fluorescence (Fm) was measured by apply-
ing a saturating light pulse (>5000 µmol photons m−2
s−1) that closed all PSII reaction centres and resulted
in a greater fluorescence emission. Fv/Fm was calcu-
lated as [Fm − F0]/Fm (Schreiber 2004). Five measure-
ments, evenly distributed over the coral surface, were
made on each coral fragment, of which an average
Fv/Fm was taken. Corals were assumed dark-adapted
after 40 min in darkness (Hoegh-Guldberg & Jones
1999) and Fv/Fm was measured around the same time
in the morning and afternoon each day.
Immediately after the light photosynthesis meas-
urement, rapid light curves (RLCs) were measured
on the light-adapted fragments using the DIVING-
PAM. RLCs provide information on the saturation
characteristics of PSII electron transport (Ralph &
Gademann 2005) and were used to assess the photo-
synthetic capacity of PSII as a function of instanta-
neous irradiance under different temperatures. A
standardized procedure was used to measure the
RLCs across all experimental fragments to reliably
compare the relative electron transport rate (rETR)
among experimental fragments. RLCs were meas-
ured using an internal program of the DIVING-PAM
that provided a sequence of 9 actinic light steps, with
light intensities increasing from 5 to 1800 µmol pho-
tons m−2 s −1. Each illumination period lasted 10 s and
finished with a saturating pulse after each step that
measured the effective PSII quantum yield (ΔF/Fm’),
calculated as [Fm’ − F]/Fm’, where Fm’ is the maxi-
mum fluorescence of the light-adapted sample and F
is the instant fluorescence emission. The rETR was
then calculated as:
rETR = ΔF/Fm’ × PAR × 0.5 (1)
where PAR was the photosynthetically active radia-
tion and the 0.5 corrected for 2 photons of light
required for the transport of 1 electron. RLCs were
then created by plotting rETR against instant irradi-
ance, and curves were fitted following the model of
Platt et al. (1980):
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rETR = Ps × [1 − exp(−α × E/Ps) × exp(−β × E/Ps)] (2)
where Ps was a scaling factor that represents the
potential maximum rETRm, α the initial slope of the
RLC before the onset of saturation, E the irradiance
emitted by the DIVING-PAM, and β the slope of the
RLC where PSII declines. From this, rETRm and Ek
were estimated following the equations described by
Ralph & Gademann (2005):
rETRm = Ps (α/[α + β]) × (β/[α + β])β/α (3)
Ek = rETRm/α (4)
2.5.  Chlorophyll concentration
Chlorophyll concentrations were determined for con-
trol fragments that were frozen at the start of the
experiment at ambient temperature (ambient group,
n = 5), and for fragments that were frozen at the end
of the experiment after exposure to 5°C above or
below ambient temperature (consecutively, heated
and chilled group, n = 10 per group). Coral tissue was
removed from the skeleton using an airbrush and
15 ml filtered (1 µm) seawater. The tissue slurry
was homogenized using a homogenizer (T 25 Ultra-
 Turrax, IKA), after which 5 ml was centrifuged
(Rotina 380R, Hettich Lab Technology) for 10 min at
5000 × g. The supernatant was discarded and 5 ml of
90% acetone was added to the pellet and left at 4°C
in darkness for 24 h to extract the chlorophyll. The
extract was then centrifuged once more for 10 min at
5000 × g, after which 200 µl of the supernatant was
added in  triplicates to a multiwell plate. Absorbance
was measured at 630, 663 and 750 nm using a
spectrophoto meter (Spectramax M2 Reader, Molecu-
lar Devices). Chl a and c2 concentrations were calcu-
lated using the equations of Jeffrey & Humphrey
(1975).
2.6.  Data normalization
To allow for comparison between fragments, the
respirometry rates and chlorophyll concentrations
were normalized by coral skeletal surface area. Coral
skeletal surface area was determined following the
single wax dipping method described by Veal et al.
(2010). Briefly, the weight of the coral skeleton was
recorded before and after being dipped in melted
paraffin. The mass increase of the coated skeleton
was calibrated to surface area using a standardized
curve, which was plotted as the surface area versus
mass increments of wooden cylinders of varying sizes.
2.7.  Data analyses
Data were analysed using the statistical software R
version 3.0.3 (R Foundation for Statistical Comput-
ing) and graphed with Prism GraphPad Software
 version 7.03.
To assess whether the temperature response of
P. cylindrica and A. valenciennesi varied between
seasons and species, non-linear least-squares regres-
sion models were fitted to the variables Pnet, rETRm,
Fv/Fm and Ek. The following Gaussian function
(Rodolfo Metalpa et al. 2014) was used to fit to the
data:
P = Pfmax exp{−0.5 ([abs(T − Topt)]/Tbr)2} (5)
where P is the temperature (T)-dependent physio-
logical response, Pfmax is the maximum value of that
response, Topt is the temperature at which the
response value is optimal (i.e. the mean value) and
Tbr is the breadth of the response curve (i.e. the stan-
dard deviation). For each response variable, the
function was first fitted to all the data pooled together
regardless of season and species, and then fitted to
the data separated by either species or season, and
finally fitted to the data separated by both species
and season. The Akaike information criterion (AIC)
test was used to identify the model that was best
 supported by the data, which was the one with the
lowest AIC value. Parameter estimates (Pfmax, Topt
and Tbr) were calculated as the average of the colony
responses for each species per season. Simple Welch
t-tests were used to detect differences in the parame-
ter estimations between seasons that could indicate
reversible acclimation. Results were considered sig-
nificant when p < 0.05.
Respiration data were grouped by species and sea-
son and examined by linear regression with temper-
ature as covariate. Since the parameters Pfmax, Topt
and Tbr could not be calculated as with non-linear
regression, thermal sensitivity was measured using
the temperature coefficient Q10. In this study, Q10 was
calculated as
Q10 = (R2/R1) exp 10/(T2 − T1) (6)
where Q10 is the ratio of the respiration rates R1 and
R2 measured at temperatures T1 and T2. Q10 is typi-
cally around 2 for physiological processes (Withers
1992), and a lower Q10 indicates that respiration rates
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were less sensitive to increasing temperatures,
whereas a higher Q10 indicates higher thermal sensi-
tivity. In addition, a linear mixed-effect ANOVA was
used (‘lme4’ package), with species and season as
independent variables, temperature as the covariate
and colony as random effect, to test whether the
effect of temperature on the respiration rates differed
between the seasons or between species. For this
analysis, data were log-transformed to meet the
assumptions of homogeneity of variance and normal-
ity of the residuals. Similar to the model selection
procedure for the non-linear regression, factors were
sequentially added to the linear model and the fit of
the model to the data was compared. To do so, the
effect of temperature as the only predictor for the res-
piration rates was estimated first, then species or sea-
son were added as main effects in the model and
finally the interaction of species and season with
temperature was added. For consistency with the
non-linear regression model selection procedure,
AIC values were calculated and assessed at each
step of the model as well to see if the added variable
improved the overall fit of the model to the data. In a
similar fashion, it was assessed whether colony as
random effect improved the model fit.
Chlorophyll data were tested for assumptions of
normality (Shapiro-Wilk test, p > 0.05) and homo-
geneity of variance (Levene’s test, p > 0.05) and log-
transformed when assumptions were not met (chloro-
phyll data for P. cylindrica). To account for repeated
measures of fragments from the same colonies, data
were analysed using mixed-effects ANOVAs per
species with treatment (heated and chilled) and sea-
son as fixed effect and colony as random effect, to
detect variation in mean chlorophyll concentrations
between treatments and season. Chlorophyll concen-
trations of the fragments collected at the start of the
experiment at ambient temperature were assessed
separately, using a 2-way ANOVA with species and
season as fixed effect, to detect differences in the
chlorophyll concentration in summer and winter and
across species.
All data are average ± SD, unless reported other-
wise.
3.  RESULTS
3.1.  Seasonal variation in temperature
The seawater temperature in the raceway followed
the seasonal trend of the seawater temperature in
situ (Fig. 1). The lowest recorded temperature was in
July (19.1 and 21.7°C in the raceway and on the reef
slope, respectively) and the highest in January (30.1
and 29.9°C in the raceway and on the reef slope,
respectively). Mean (winter) seawater temperature
in the raceway during the last 2 wk of August was
23.9 ± 0.7°C; hence 24°C was set as ambient temper-
ature during the winter thermal experiment. Mean
(summer) seawater temperature in the raceway dur-
ing the last 2 wk of January was 29.3 ± 0.4°C, there-
fore the ambient temperature during the summer
thermal experiment was set at 29°C.
3.2.  Holobiont response
Photosynthesis (Pnet) rate showed an approximately
symmetrical Gaussian relationship with temperature
(Fig. 2a,b), whereas respiration (R) rates increased
linearly with temperature (Fig. 2c,d). There was
strong model support for seasonal and among-spe-
cies variation (Table 1; Table S2 in the Supplement)
for all of the measured response variables, indicating
that the thermal performance varied between spe-
cies and season.
The optimal temperature for Pnet of Acropora
valenciennesi corresponded to the environmental
temperature in winter (Topt of 24.4 ± 0.4°C; Fig. 2a,
Table 2), and significantly increased in summer
(Welch t-test, p = 0.002; Table 3) but remained below
the ambient temperature in summer (Topt of 27.9 ±
1.5°C). However, in summer, the breadth of the curve
became wider (Tbr of 7.1 ± 1.7 and 10.5 ± 0.8°C in
winter and summer, respectively), which coincided
with a significant decrease in the maximum net pho-
tosynthetic rate (Pfmax of 0.51 ± 0.04 versus 0.30 ± 0.06
µmol O2 cm−2 h−1 in winter and summer, respec-
tively). For Porites cylindrica, the optimal tempera-
ture for Pnet was similar between seasons (Welch
t-test, p = 0.414; Table 3), which was below the ambi-
ent temperature (Topt of 21.4 ± 2.4 and 22.8 ± 3.3°C in
winter and summer respectively; Fig. 2b, Table 2).
Similar to A. valenciennesi, the breadth of the curve
significantly increased in summer (Tbr of 12.2 ± 3.5
and 18.5 ± 4.7°C in winter and summer, respectively),
and the maximum Pnet rate decreased (Pfmax of 0.41 ±
0.06 µmol O2 cm−2 h−1 in winter and 0.25 ± 0.02 µmol
O2 cm−2 h−1 in summer). Between species, the maxi-
mum Pnet rate of A. valenciennesi in winter was sig-
nificantly higher than that of P. cylindrica, but this
difference was not apparent in summer.
Regarding R, including colony as a random effect
improved the fit of the linear model (Table S3 in the
Supplement). There was a positive linear relation-
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Fig. 2. Thermal performance curves of (a,b) net photosynthesis rate, (c,d) respiration rate, (e,f) maximum PSII quantum yield
(Fv/Fm), (g,h) maximum electron transport rate (rETRm) and (i,j) light saturation coefficient (Ek) measured on Acropora valenci-
ennesi (left panels) and Porites cylindrica (right panels) during summer and winter. Points are mean ± SD, n = 10. Vertical
 dotted lines: environmental winter and summer temperature. Curves fitted using least-squares non-linear regressions for all 
variables except respiration rate, which are linear regressions
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ship between temperature and R of both species
(Fig. 2c,d; mixed-effects ANOVA, effect of tempera-
ture, F1,513 = 336.57, p < 0.001). In both seasons, the
temperature at which the R rate was the lowest cor-
responded to the lowest experimental temperature,
which was 19°C in winter and 23°C in summer. The
effect of temperature on R was
stronger in winter than in summer
(mixed-effects ANOVA, interaction
between temperature and season,
F1,513 = 55.63, p < 0.001), which was
also evident by higher Q10 values in
winter (3.4 ± 1.8 for A. valenciennesi
and 2.1 ± 0.9 for P. cylindrica; Table 2)
than in summer (2.7 ± 1.0 for A. valen-
ciennesi and 1.6 ± 0.3 for P. cylin-
drica). Consequently, there was a sig-
nificant effect of temperature on R in
summer for A. valenciennesi (Q10 >
2.0), while for P. cylindrica, this effect
was not apparent, which might be
related to the wide thermal breadth of
Pnet in summer (Fig. 2b).
3.3.  Symbiont response
The symbiont response variables,
maximum PSII quantum yield (Fv/Fm)
and maximum electron transport rate
(rETRm), showed a Gaussian relation-
ship with temperature (Fig. 2e−h).
Furthermore, similar to the response
variables at the holobiont level, there was strong
model support for seasonal and among-species varia-
tion (Table 1, Table S2).
The performance curves for Fv/Fm of both species
responded in similar fashion to the seasonal environ-
mental temperature (Fig. 2.e−f): Pfmax increased in
63
Thermal Data selection K Cumulative AIC AIC
response AIC weight
Pnet All data 4 −699.95 419.34 <0.0001
Season 4 −901.03 218.26 <0.0001
Species 4 −821.19 298.10 <0.0001
Season × Species 4 −1119.30 0.00 ~1.00
R All data 4 561.20 −1114.40 <0.0001
Season 6 601.74 −1191.48 <0.0001
Species 6 575.64 −1139.28 <0.0001
Season × Species 10 622.11 −1224.22 ~1.00
Fv/Fm All data 4 −1387.04 373.94 <0.0001
Season 4 −1682.97 78.01 <0.0001
Species 4 −1424.96 336.02 <0.0001
Season × Species 4 −1760.98 0.00 ~1.00
rETRm All data 4 4717.40 272.35 <0.0001
Season 4 4518.66 73.61 <0.0001
Species 4 4685.19 240.14 <0.0001
Season × Species 4 4445.05 0.00 ~1.00
Table 1. Comparison of thermal performance curves with different combina-
tions of data selection for different physiological responses. Non-linear regres-
sion models were fitted to the data for net photosynthesis rate (Pnet), maximum
PSII quantum yield (Fv/Fm) and maximum electron transport rate (rETRm);
mixed linear regression models were fitted to the data for respiration rate (R).
K: number of estimated parameters in the model; ΔAIC: difference between
the Akaike information criterion (AIC) value of the model and the minimum
AIC value among all the models of the thermal response; AIC weight:
weighted average of the model and represents the relative likelihood
Thermal Parameter A. valenciennesi P. cylindrica
response estimate Winter Summer Winter Summer
Pnet Pfmax (µmol O2 cm−2 h−1) 0.51 ± 0.04 0.30 ± 0.06 0.41 ± 0.06 0.25 ± 0.02
Topt (°C) 24.4 ± 0.4 27.9 ± 1.5 21.4 ± 2.4 22.8 ± 3.3
Tbr (°C) 7.1 ± 1.7 10.5 ± 0.8 12.2 ± 3.5 18.5 ± 4.7
R Q10 3.4 ± 1.8 2.7 ± 1.0 2.1 ± 0.9 1.6 ± 0.3
Fv/Fm Pfmax (no unit) 0.62 ± 0.04 0.72 ± 0.01 0.58 ± 0.02 0.67 ± 0.03
Topt (°C) 27.6 ± 1.0 26.0 ± 0.8 28.0 ± 2.7 27.7 ± 0.9
Tbr (°C) 28.2 ± 4.4 30.9 ± 7.6 51.3 ± 22.7 30.3 ± 10.4
rETRm Pfmax (no unit) 85.3 ± 3.1 92.3 ± 6.9 98.9 ± 7.5 99.5 ± 10.8
Topt (°C) 25.7 ± 0.5 28.6 ± 0.3 26.0 ± 0.6 29.0 ± 1.0
Tbr (°C) 13.2 ± 2.1 7.6 ± 0.5 12.5 ± 0.9 9.8 ± 1.8
Ek Pfmax ( µmol photons m–2 s–1) 261.4 ± 22.4 250.1 ± 25.4 323.7 ± 27.1 280.3 ± 37.5
Topt (°C) 23.6 ± 2.5 28.7 ± 0.4 26.1 ± 0.5 29.2 ± 1.0
Tbr (°C) 23.6 ± 7.1 8.3 ± 1.0 14.1 ± 1.1 10.3 ± 1.8
Table 2. Mean ± SD of the parameter estimates for net photosynthesis rate (Pnet), maximum PSII quantum yield (Fv/Fm), maxi-
mum electron transport rate (rETRm) and minimum light saturation (Ek) of Acropora valenciennesi and Porites cylindrica. For
respiration rate (R), the temperature coefficient Q10 was calculated as an estimate for thermal sensitivity. Pfmax: maximum 
performance; Tbr: breadth of the curve; Topt: optimal temperature
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summer, but there was no change in Topt and Tbr
(Table 3). Although some parameter estimates ap -
pear higher (Topt of A. valenciennesi, Tbr of P. cylin-
drica) in winter than in summer, the standard error
and 95% confidence intervals around these parame-
ter estimates were large (large error bars, Fig. S3 in
the Supplement), caused by large variation in the Topt
and Tbr of symbionts within different coral colonies.
The optimal temperature for performance of the
rETRm was similar for both species in winter
(Fig. 2g,h), and ~2°C higher than the environmental
temperature. However, in summer, Topt increased
to correspond to the environmental temperature
(28.6 ± 0.3 and 29.0 ± 1.0°C for A. valenciennesi and P.
cylindrica, respectively). Likewise, both species had
equally wide thermal breadths in winter, but this sig-
nificantly decreased in summer by >20% for P. cylin-
drica (from 12.5 ± 0.9°C in winter to 9.8 ± 1.8°C in
summer) and ~40% for A. valenciennesi (from 13.2 ±
2.1°C in winter to 7.6 ± 0.5°C in summer). Further-
more, the height of the curve did not significantly
change between seasons for either species (Table 3).
Variation in rETRm among species and seasons was
consistent regardless of whether rETRm was estimated
using Eq. (3) or whether it was taken as the value of
rETR at the average ambient light intensity at the
time of data collection (Fig. S4 in the Supplement).
Lastly, the light saturation coefficient (Ek; Fig. 2i,j)
in winter was on average 243 ± 27 and 282 ± 48 µmol
photons m−2 s−1 for A. valenciennesi and P. cylindrica,
respectively. Remarkably, in summer, Ek decreased
almost 1.3-fold for both species, while the overall
light ex posure was 2-fold higher in summer than in
winter (Fig. S1). In addition, Ek varied with tempera-
ture in a similar fashion as rETRm with
no signi ficant variation in the height of
the curve between winter and summer
for either species, but a higher Topt in
summer and wider Tbr in winter (Table
3).
3.4.  Within-population variability
Since the objective of this study was
to investigate plasticity at species
level, data were aggregated across
colo nies and ignored the within-
 population (among-colony) var i ability
in thermal performance. However,
when non-linear and linear regres-
sions were fitted to data separated by
season, species and colony, AIC tests
showed that this improved the fit of the model for
every response variable (Table S3). This indicates
significant variability in the thermal performance of
colonies within local populations. Variability in Topt
was particularly large for the holobiont response be -
tween A. valenciennesi colonies in summer (ranging
from 25.8 to 29.5°C), while in winter the magnitude
of variation was reduced to <1°C (Fig. 3a). Similarly
for P. cylindrica (Fig. 3b), the variability in Topt be -
tween colonies for the holobiont response was more
than double in summer compared with winter.
3.5.  Chlorophyll concentration
Chlorophyll concentrations were similar between
seasons for A. valenciennesi colonies (Fig. 4a), but
were lower in winter for P. cylindrica colonies
(Fig. 4b; mixed-effects ANOVA with main effect of
season, F1,10 = 22.47, p < 0.001). The effect of thermal
exposure on the chlorophyll concentration was also
not apparent in A. valenciennesi colonies (mixed-
effects ANOVA with main effect of treatment, F1,13 =
4.64, p > 0.05), but in P. cylindrica, chlorophyll con-
centrations were lower in colonies exposed to the
increased thermal gradient (main effect of treatment,
F1,17 = 13.81, p < 0.01). However, this effect was only
significant in summer (main effect of treatment on
chlorophyll concentration analysed separately for P.
cylindrica colonies in summer, F1,12 = 14.21, p =
0.003). In addition, chlorophyll concentrations were
higher in heated A. valenciennesi colonies compared
with chilled A. valenciennesi colonies, whereas the
opposite was observed in P. cylindrica colonies.
64
Thermal Parameter A. valenciennesi P. cylindrica
response estimate t df p t df p
Pnet Pfmax −7.242 8.639 0.000 −5.417 4.792 0.003
Topt 5.645 5.678 0.002 0.852 9.988 0.414
Tbr 4.111 5.408 0.008 2.628 9.958 0.025
Fv/Fm Pfmax 6.033 4.492 0.003 5.756 9.942 0.000
Topt −2.272 7.364 0.056 −0.217 4.583 0.837
Tbr 0.733 8.199 0.484 −1.928 5.216 0.109
rETRm Pfmax 2.208 7.167 0.062 0.113 10 0.913
Topt 11.159 6.351 0.000 6.463 9.562 0.000
Tbr −5.831 4.309 0.003 −3.426 9.322 0.007
Ek Pfmax −0.784 8.948 0.453 −1.954 9.814 0.080
Topt 4.601 4.148 0.009 7.104 9.340 0.000
Tbr −4.802 4.121 0.008 −4.666 9.842 0.001
Table 3. Welch t-tests to detect variability between seasons in the parameter es-
timates of the thermal performance curves for Acropora valenciennesi and Pori -
tes cylindrica. See Table 2 for parameter units and definitions of abbreviations
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Lastly, the chlorophyll concentration in fragments at
ambient temperature was similar across seasons and
between species (2-way ANOVA with season and
species as main effects, respectively: F1,20 = 3.19, p =
0.09 and F1,20 = 1.12, p = 0.30).
4.  DISCUSSION
This study quantified the seasonal variation in the
thermal optimum and thermal breadth of several
holobiont and symbiont physiological traits for 2
coral species that differ in their responses to heat
stress (bleaching tolerance). Both species were
physiologically plastic, but this plasticity was
colony- and species-specific at the holobiont level,
whereas the symbiont plasticity was
limited and uniform across both
coral species. At the holobiont level,
the species sensitive to heat stress,
Acropora valenciennesi, acclimated
to changing temperatures primarily
by shifting the position of the per-
formance curve. In contrast, the spe-
cies more tolerant to heat stress,
Porites cylindrica, acclimated by
altering the performance breadth.
However, at the symbiont level, the
performance curve only changed
through variation in the height of
the curve, while the thermal opti-
mum and performance breadth re -
mained un changed. Furthermore,
Topt of most traits did not correspond
to the ambient environmental tem-
perature, but was between the
summer and win ter temperatures.
Lastly, sig nif i cant within-population
variability implied among-genotype
variation, which was particularly
large for the holobiont traits.
The performance breadth of P. cy -
lin drica colonies was nearly twice as
wide as that of A. valenciennesi. To
our knowledge, this study is the first
to identify such differences in ther-
mal acclimation strategies of coral
species. A large thermal perform-
ance breadth implies that the holo-
biont physiology is relatively insensi-
tive to changes in temperature. This
is consistent with previous studies
that reported that P. cylindrica is
resistant to thermal stress (Visram & Douglas 2007,
Fitt et al. 2009). In contrast, a small thermal perform-
ance breadth reflects a sharp peaked thermal sensi-
tivity and indicates that the holobiont performance
changes rapidly with temperature. Indeed, Acropora
spp. in general, and branching morphologies such as
A. valenciennesi in particular, have been frequently
reported to rapidly respond to small changes in the
temperature of the environment, often with detri-
mental effects including bleaching-related mortality
(e.g. Loya et al. 2001, Hoogenboom et al. 2017). Our
study also showed that, in response to seasonal vari-
ation in the environmental temperature, A. valenci-
ennesi shifted its thermal optimum for performance
and changed the performance breadth, whereas P.
cylindrica only varied the performance breadth. Such
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Fig. 3. Variation in optimal temperature (Topt) between colonies of (a) Acropora
valenciennesi and (b) Porites cylindrica during summer and winter for net
photosynthesis (Pnet), maximum PSII quantum yield (Fv/Fm) and maximum
electron transport rate (rETRm). Datapoints: mean Topt derived by non-linear
regression of 2 or 4 fragments from the same colony. Horizontal lines: average
seawater temperature measured over 90 d prior to start of winter (1 July−30
August 2015) and summer (25 October 2015−23 January 2016) experiments.
Dashed lines: minimum and maximum temperature during those time inter-
vals. Seawater temperature data recorded by in situ data loggers of the Aus-
tralian Institute of Marine Science around Orpheus Island at 5.8 m depth 
(AIMS 2017)
Fig. 4. Chlorophyll concentrations (mean ± SD) of (a) Acropora valenciennesi
and (b) Porites cylindrica measured on fragments before (ambient, n = 5) and
after (chilled and heated, n = 10) completion of the thermal summer and winter
experiment. Chilled fragments were exposed to 5°C decrease over 10 d and 
heated fragments were exposed to 5°C increase over 10 d
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differences in thermal strategy despite sharing an
identical thermal  history supports the fact that spe-
cies do not perceive, or respond to, their thermal
environment the same way (Angilletta et al. 2006).
There are several potential explanations for the
observed variation in the thermal strategy between
our coral species. First, it could simply be due to
genetic divergence among species or because the
corals harboured different Symbiodiniaceae species.
Variation in the symbiont population among the coral
species may confer different functional traits to the
holobiont. For instance, Cladocopium C15 (associ-
ated with P. cylindrica; Fisher et al. 2012) is known to
be thermally tolerant and may facilitate holobiont
performance across a wide range of temperatures. In
contrast, most acroporid species, including A. valen-
ciennesi, host C1/C3, which is a generalist symbiont
rarely found in thermally tolerant holobionts.
Instead, many acroporid species host multiple sub-
dominant symbiont types with different functional
traits (van Oppen et al. 2001, Stat et al. 2008), which
may result in rever sible thermal optima rather than
increased thermal breadth. Second, variation in ther-
mal strategy between the species could be related to
the spatial distribution of the sampled colonies within
local reef microhabitats and the generation time of
the species. P. cylindrica is typically abundant on the
shallow reef flat and/or reef crest (Madin et al. 2016),
which experience a greater range of temperatures
(e.g. diel and tidal) than nearby deeper reefs. In con-
trast, A. valenciennesi is found more on the reef slope
(Madin et al. 2016), where the thermal environment
is typically more stable. Consequently, P. cylindrica
may have adapted more of a thermal generalist strat-
egy (i.e. wide performance breadth) to match the
larger range of temperatures experienced by
colonies over their lifecycle than experienced by A.
valenciennesi. Further study of thermal acclimation
strategies for corals related to the small-scale spatial
distribution is required to test this hypothesis. Lastly,
several physiological and metabolic mechanisms
may have varied between the 2 species that could
have influenced the thermal acclimation strategy.
Variation in species metabolic rates could be due to
differences in the energy allocation between tissue
versus skeleton required by different colony mor-
phology (Anthony et al. 2002), which could drive
 different thermal strategies (e.g. Gates & Edmunds
1999).
Respiration and net photosynthesis rates were
lower in summer than in winter, consistent with
decreased light saturation levels despite higher over-
all light exposure. These shifts are contradictory to
previous studies that showed higher productivity in
summer related to higher summer growth and calci-
fication rates (e.g. Scheufen et al. 2017b), as well as
higher Ek values related to higher PAR (Anthony &
Hoegh-Guldberg 2003). Likewise, fluctuations in
chlorophyll and symbiont concentrations are com-
monly observed among seasons (Ulstrup et al. 2008,
Winters et al. 2009), yet our study showed similar
chlorophyll concentrations between summer and
winter at the start of each thermal experiment (ambi-
ent treatment, Fig. 4). These inconsistencies cannot
be attributed to photoacclimation during the 10 d of
the thermal experiment, as the irradiance in the hold-
ing and experimental tanks was similar. However,
the resampling of fragments in November/December
for the summer thermal experiment may have intro-
duced variation in the photoacclimation states of the
fragments compared to those measured during the
winter thermal experiment. For instance, variation in
host pigmentation (Dove et al. 2008, Scheufen et al.
2017a) or host macrostructure (Wangpraseurt et al.
2014) can alter the light microenvironment and may
have lowered the Ek value during the summer ther-
mal experiment as well as the net photosynthesis
rate. Additionally, there was a prolonged period of
heat stress prior to the start of the summer experi-
ment throughout the Great Barrier Reef that severely
impacted the northern section and to a lesser extent
the central third, including the Palm Islands (Hughes
et al. 2017). Although bleaching was not observed
during the summer  thermal experiment, and Fv/Fm
remained high, prolonged high temperatures accom-
panied by high summer irradiance may have
impacted several physiological pathways in the holo-
biont and symbiont (Fitt et al. 2001). In line with
this, increased protein repair rates to avoid photo-
damage (Feder & Hofmann 1999) may have impeded
thermal acclimation of the photosynthetic perform-
ance. Angilletta et al. (2003) identified several trade-
offs that constrain performance curves due to mech-
anisms that underlie the expression of phenotypes.
The allocation tradeoff dictates that increased per-
formance of one trait at a certain temperature occurs
at the expense of decreased performance of another
trait at that temperature. Hence, despite enhanced
photosynthetic capacity in summer at the symbiont
level, photosynthetic performance at the holobiont
level may have been compromised due to costs asso-
ciated with thermal stress.
The Gaussian curve is frequently applied to
model the relationship between temperature and
performance in the field of thermal biology (Angil -
letta 2006). However, in the present study, linear
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regression provided a better fit to model the respira-
tion performance, even though linear approxima-
tions should be avoided since they fundamentally
differ from the dynamics of the biological and phys-
iological processes that underlie thermal perform-
ance (Bulte & Blouin-Demers 2006). Nevertheless, a
linear relationship between coral respiration and
temperature is reported previously by Coles & Jok-
iel (1977). The most likely explanation for this is that
the performance curve for respiration is highly
asymmetrical (skewed to the left), with the optimum
(i.e. temperature at which the respiration rate is
highest) very close to the upper critical threshold
temperature. Hence, we expect that exposure of
corals to higher (more extreme) temperatures than
the ±5°C range used in this study would show a
rapid decline of the respiration performance. In a
previous study on the metabolic rate of the killifish
Fundulus heteroclitus, Healy & Schulte (2012) were
also unable to capture the falling phase of the curve
because the organism’s critical thermal maximum
was at temperatures slightly higher than those
measured. In addition, interpretation of thermal
optima for respiration rates in corals is complex, due
to multiple, competing energy-requiring processes.
First, respiration rates are partitioned between ani-
mal host and algal symbiont, and positive correla-
tions are found between symbiont density and host
aerobic capacity (Hawkins et al. 2016). Second,
changes in the respiration rate may be due to
changes in the energy expenditure for calcification
(Al-Horani et al. 2003) which would be beneficial
for colony growth, but can also reflect increases in
the metabolic rates of the host and symbiont in
response to stress. Increased respiration rates at ele-
vated temperatures have been demonstrated for
numerous organisms, including terrestrial plants
(Berry & Bjorkman 1980), anemones (Goulet et al.
2005) and corals (Coles & Jokiel 1977), and have
been attributed to increased oxygen consumption at
the mitochondrial level (Pörtner 2002, Schulte 2015).
Furthermore, the timescale at which the thermal
response is measured can strongly influence the
shape of the TPC (Schulte et al. 2011). We aimed to
capture the acute response to thermal change with-
out distressing the coral, and therefore the ramping
rate did not exceed 0.5°C d−1. However, it is
possible that the TPC for respiration would be of a
different shape if a different ramping rate was used.
Results showed that coral thermal acclimation
rarely resulted in a perfect match between the ther-
mal optima and average environmental tempera-
tures. This suggests that, as predicted by Gabriel
(2005), the variability of the thermal environment,
the time required for adjusting the physiology and
the costs associated with acclimation constrain accli-
mation rates and magnitudes. At our study location,
the mean environmental temperature calculated
over 2 wk prior to the start of the experiment was
29°C in summer and 24°C in winter, but this mean
varied by >1°C when calculated over the 4 wk period
prior to the start of the experiment. Such rapid fluctu-
ations indicate that the environment is less pre-
dictable, which reduces the benefits of acclimation.
This is especially true for holobiont acclimation that
involves restructuring or synthesizing of proteins and
pigments (Black et al. 1995, Fitt et al. 2009), uptake or
expulsion of symbionts (Hoegh-Guldberg & Smith
1989, Muscatine et al. 1991, Fitt et al. 2009), and
changes in mitochondrial density (Pörtner 2002).
Consequently, holobiont acclimation is likely to be
more time-consuming and energetically costly than
acclimation of the photosynthetic apparatus at the
symbiont level, which may explain why the only per-
fectly acclimated trait to summer temperature was
the electron transport rate.
Lastly, the within-population variability of Topt
showed that thermal acclimation varied between
coral colonies. This variation cannot be attributed to
differences in the photoacclimatory state of the
mother colonies, as fragments were acclimated for
several months to the tank conditions to minimize
potential differences in the light field caused by the
macrostructure of the mother colonies. Therefore, the
within-population variability is most likely caused by
genetic variation in both thermal tolerance and ther-
mal plasticity for both of the coral species investi-
gated in this study. Such variation could be related to
differences in the ‘age’ of the sampled coral colonies
that could drive a divergence between the current
environment and the selective environment at the
time of development (De Jong 1999). Irreversible
acclimation of some phenotypic traits might have
been established during the early developmental
stages of the coral larvae and juveniles, and this
could constrain the thermal performance and plasti-
city of adult colonies. Although further research is
needed to determine the mechanisms underlying dif-
ferences in thermal acclimation among colonies, our
results indicate that such differences are primarily
driven by the coral host, as the thermal performance
of Symbiodinium living within the 2 coral species
was less plastic than that of the coral hosts. To con-
firm this hypothesis, further research is also required
that measures the characteristics of the host and sym-
biont alone (e.g. Hawkins et al. 2016), since the holo-
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biont performance in our study is driven by the Sym-
biodinium as well.
The unprecedented global coral bleaching event of
2017 (Hughes et al. 2017) has highlighted the need to
understand the capacity of corals to acclimate to ele-
vated temperatures. Current models that project
coral population dynamics in climate change scenar-
ios (e.g. Hoegh-Guldberg et al. 2007) do not incorpo-
rate the reversible acclimation capacity of corals, or
their performance at sublethal temperatures, while
both processes influence population fitness and coral
survival. The present study showed that the ther-
mally sensitive A. valenciennesi maximized perform-
ance between seasons by shifting the thermal opti-
mum, whereas the thermally tolerant P. cylindrica
maintained performance through widening the per-
formance breadth. Such differences in thermal strat-
egy imply that during summer warming, A. valenci-
ennesi is likely to maintain high performance until a
threshold temperature, after which performance will
decline rapidly. In contrast, the performance of P.
cylindrica is less affected by temperature change and
therefore will decline less dramatically at summer
extremes. Additionally, the symbiont response to
seasonal warming and cooling was generally consis-
tent among the study species, and the electron trans-
port rate was perfectly acclimated to the ambient
temperature in both seasons. These results suggest
that the capacity for physiological acclimation of the
coral host, rather than the symbionts, will limit coral
performance as ocean temperatures increase in the
future.
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